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ABSTRAC'r

The Desert Research Institute (DRI) is developing strategies that integrate various data types
to characterize Iwaterresources for the identification of candidate well locations in central
Ghana, West Africa. Study area were selected over which reot data of various calm
were assembled along with all available hydrogeologic information. Wersamples for chemnical
analysis wer collected and mnuerous field observations were recorded during the survey of 200
wet and dry boreholes using Global Positioning System (GPS) receivers. All data collected wr
processed and integrated into a Gegahcifomto pe (GIS). Relationships between fea-
tunes identified in remote sensing data. borehole rcrsai ~ t hydrogeologic characteristics ame
being examined to maximize water development efficicies. The GMS modeling results are being
tested with an ongoing drilling project. Preliminary results indicate a high correilation between dril-
ling success and proximity to Landsat-derived lineaments.

1.0 INTRODUCrION

Lack of adequate potable and agricultural water supplies inhibits the progress of developing ouisand
is the cause of considerable hardship to humans worldwide. A thorogh hydrogeologic understanding is often neces
sary for cast-effetve wate development. In many developing countries, remote sensin data often comprise the most
accurate and comprehenIv spatial information available. Establishing relationships between remote seingm data
and hydrogeologic phenomena may maximie the efficiency of water developmnent projects. The Desert Research
Institute (DRI) is attemnptng to identify those strategies that effectively charateie groundwater resources in the
country of Oham using a Geographic Information System (GIS). For selected target areas, the strategies developed
by DRI will recommend a combination of analytical methods, data types and data feature which can be economically
utilized to select well sate with the highest probability of success. While an emphasis will he placed on detetnmining
whether features mapped using remote sewing can be correlated with hydrogeologic phenomena, all methodsanddats,
types available will be tasod in conjunction with the ongoing World Vision International (WVJ) Ghana Rmml Whate
Project (GRWP). Ti~s pprdocumients steps undertaken in constructing a GIS model fir increased hytirogelogic

un Wstning of study areas within Ghana, and presents preliminary results of the relationship observed between lin-
cament derived remote senning and the location of wet and dry boreholes.

2.0 BAOCGROUIND

Mhe Wst Affican country of Ghana experiences a lack of safe and adeuate water for its inhabitants; 25 to
50 percent of the population do not have acess to safe water supplies (Lean at al., 1990). Potable water short~agea xit
due to waterbormu diesease and awe exacerbated as sources desiccate during the dry season. A major objective of tie
Oas-ian govauinent and noni-governmant organizations (NGOs) is to improve the availability of safe and reliable
water resources by drilling wells and installing hand pumps. However, throughout much of Ghana, including the study
areas for this project. wet well success rate ame below 60 percnt Wet weils for these hand pump installation programs
are defined as having yields equal to or greater than 10 liters pv minute. Thbe major factor limiting success rate is
the low primary permneability of crystalline and consolidated sedimentary rocks. Secondary fracturing in these rocks,
however, may a= to control the occurrence, movement and storage of groundwater. If fracture can be mapped and
correlated with productive grwantwater zones, wail site selection may be improved.
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Fracture traces and invas have traditionally been mapped through remote sensing methods and have
been differentiated based an Untman, (19:58) defined fracure traces as natural lHuma features expressed contin-
uously for less than one mi -le lineaments aregreater than one mile in length. While fracture traces and lines-
ments have been shown to be barriers to groundwater flow (Taylor et a&L, 1992), most studies have correlated them
with zones of increasd fracture concentratino. which can act as cooimt for the transport and storage of goumndwawe
(L~attman and Parirek. 1964; Parizek, 1976; Parijek et &1. 1990). Previous stuidies by Boeckh (1992), Gustafama
(1993a) and Peter et al., (1988), have shown the utility of multiscale remote sensing strategies for increased hydrogeo-
logic understanding in a variety of terrains and geological settngs.

The integration of remote sensing daata and GIS teclinology may provide a greater hydrogeologic understand-
ing; by combining physioprapbic. geologic. hydrogeologic and geochemical data in a spatially referenced moodaL 013
use in water resource evaluation has rcnowdy expanded with inizeasing emphasis in surface and subsurface applica-
tionas (Maidment, 1991; Moore et al., 1991). Furthernore, the combination of remote sensing and GIS has shownproma-
ise for groundwater development in other regions --, Africa (Guazaftson, 1993a).

,- S- )YAREA

A study are was developed to encompass ~v IL.nctgeologic tezmins within central Ghana (Figure 1). The
Tease area lies entirely within the southern part of the VoIta~n Sedimentary Basin, while the Nkawkaw area to the
southwest stradlca the contac bdetwe the Voltaan and the F.-rainbdan basemeiet rocks. These arma wereselected
due tothe presencof an active driling progtramwith a larg percetag of unsuccessul wells. Tease is locsten iha
the Aft=a Plains, a geneally flat, low-lying region of the Voltas!&i Bvtin adjacent to Lake Volta. an 8500 kin 2 lake
formed by the damnming of the Volta River in 1966.

The Nbltaia Basin is a synclinal structure composed of relativwely flat-lying Paleo'~ic sandstoom, shahm,
and conglonmerates that form outward-facing escarpments around the periphery of the bamii (I~esse. 1985). Thin see-
tions of quartz areuito msauoaes W=k nea Tease and Fradaka in die Afma Plaim indicate izat clean ummed
sand has beeni compFacted. Grain conacots am pnxdormna~ndy couave-convex mndicatinz a Iigb degree of couqmcdon
by deformation of ductie grains. Consolidation and cementation have reduced the rock volume, destroying muc of
the primary porosity and permneability. The stable mineral composition of the rocks permits little dev~lopmaen of seo-
ondary permeability that might result from chemical weathering of ionegranuilar cementing materials. The geineally
impervious nature of near-surface unweathered irockIs inimire direct infiltraton. reduare said weatherns which
ame focused along joint and fractur systems. Groundwater flow in the basin has two primary components: a dominantt
vertical flow recharging fissure at depth and a moan subdued aubhorizonal flow parallel with stream gradients. The
river systems, therefore generally follow fractures where weathering and erosion have beeni enhanced and posential
groundwater recharge is highest (Bauemamsn, 1988).

Them eow-weportion of the Nkawkaw -m consists ofnimoomuphic and granitic 1racks of the Birwswy.-
tamn at the eastern edge of the Precambrxian Wee Africani shield. The Birimtian rocks have been folded, mtaiuwbaasdW
and in places assimilated by granitoid bodies. Folding is intens with dips comimonly on the crder of 300 to 900 alonig
a northeast-southwest aids. Faulting and jointing is most commonly parallel and perpendicular to the strike of the folds
(Kesse, 1985). As with the Vataian, driling data in the Birintian indicates discontinuous aquifers with primary stoage
located along fraceture zones, lithologic contacts and honrion of weathered rock masses (Asomaning, 1993). A lithe-
feldapathic aniente from the Vatama portion of the Nkawkaw area contain plagioclase. potassium feldspai and nota-
morphic and aedimmantary rock fragments that am normaelly unstable during the weathering processes. however thea
fragments =r unweathixd in th sample, indicating a lack of diageussis (Gin, 1994).

The rainfall pIt o n the Ahrm Plains consists of a wet season extending fiom. March to October followed
by a four-month dry season. The annual avenage rainfall is approximately 140 centimeters. The natural vegetslin
of the AftamPlaicnsists of Guina savanna. The mjajr cove found in the Guinea savanna zone consists al a Eft-
contrlolldtissava cm onmmy ofiroad-leafd decidmuou i.densely distiuted ins cotinouscoveroipuum-
nial bunch grasses arid fobs (USAID, 1962). The Nkawkaw area normally receives more rainfall than the Afram Plains
region, avenaging 160 cn annually. The natura vegetation of the Nkawkaw area consists of thick deciduous foum
within a semi-deciduous climatic region (Dush et sl.. 1993).
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4.0 MM~ODS

loIumpedon aitasgie we being developed thatmheategrimmpod-Imud and remotely aoused data in a GIS
model. Qitcal steps in this development effot hincde: 1) the acquisition of .11 pertienem dats; 2) dafta pcessanx
and 3) databue dweulopment. In evalusatig th study ara, powanda souros and types of dafta necessary to form ft
UK S database were idemitfiud Dita won evaluated with respect to their poteanta uaefulzaimm cost, and availability
witin -rjc time - I -u Dam types deemed necessay hinde pulogc hydroolgic, -oorsb vept-
don, and soil maps; aeial photography and staellift hosagry, gophysical lops and surveys; barahal location and
related hydrologic information suc as wel yield war level, wrater quality, aquifer test data, (hydrulic condutivity.
ransmnisivity, porosity, etc.); and reports addressing local and regional hydrogeologic investiptons
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4.1 DATA ACQUISITION

Data collection effors were generally divided among three types of information: 1) reports. maps and related
data readily available from the United States and abroad; 2) data that would require coUection within Ghana; and 3)
remote semin data. General background information through water exploration program reports specific to our study
ara were collected through standard literature search methods and various mapping agencies. Similar searches were
conducted fbr resources which discussed the use of aerial photography and other remote sensing methods for investi-
gating geologic and hydrologic phenomena with an emphasis on fracture trace and lineament analysis. Many of the
resources collected referenced other work and reports only available within Ghana.

4.1.1 Data Colle.ctd in Ghana

A trip was made early in the project to gather information identified through literature searches and other
sources. to identify new information sources pertinent to the project, and to arrange for future data transfer with WVI
and other agencies. Copies of topographic and geologic maps were obtained along with reports and any available well
logs. The release of data inside and outside Ghana often required appropriate agency permission.

A second field trip was necessary to accurately survey a significant number of boreholes for the GIS to deter-
mine and test relationships between identified features and borehole characteristics. Three factors created large unw-
tainties in borehole locations: 1) borehole locations an drill logs were identified only with respect to the commumities
to be served; 2) some boreholes were located as far as 2 km from their associated village; and 3) many commuiinm
postdated the topographic maps. These factors, combined with cost consuaints and accuracy requirements. dicumed
the use of sub-20 m Global Positioning System (OPS) receivers to accurately survey borehole positions. Logisti'c
consideration suggested using two teams, each with a OPS receiver in stand-alone mode to survey the maximun umm-
ber of well sites possible. To circumvent the single-mode, 100--m limitation imposed by selective availability (SA),
arrangements were made through the U.S. Army Corps of Engineers to use two Magnavox MX 7100 receivers with
the PPS code enabling 10 to 20 m accuracies.

While borehole locations were the primary objective of the second in-country visit, numerous other data ob-
servations were recorded during the well site surveys. These data included elevation, water level, soil type, surhcial
geology, topographic setting, hydrologic indicators and classification of surrounding vegetation and land use at 50 and
500 m. Sketch maps, operating stats and water samples for gross chemistry and isotopic analysis were collected along
with temperature, EC and pH. Whenever possible, site selection criteria were obtained from the Ghanaian hydrompio-
gist responsible for siting wells. Well positions were also plotted on Liandsat imagery and aerial photographs using
scale positioning software available on Trimble's Scout GPS receiver. Because borehole elevations and water level
data were necessary for constructing accurate potentiomnetric maps, additional steps were taken to improve elevation
measmrements. As GPS-detemined altitudes are generally limited to 1.5 times the horizontal accuracy (15 to 30 m),
elevations were determined by plotting their horizontal positions on 50-ft contour maps. Improving this further reda-
tive well altitudes were recorded with baromeruic altimeters in the field using time and base station barometric caoec-
tions.

4.1.2 Image Data Agqoiition

Initial data searches revealed a limited availability of usable Landsat Thematic Mapper (TM) and SPOT daft
due to cloud cover during the extended wet season and attemation by clouds, haw, dust, and smoke during the dry
season. Quality con:erms and time comntrainta dictated that two TM scenes be acquired during the dry season, ol•y
after viewing the actual data sets. Due to a lack of available archived SPOT panchromatic data. a Special Acquisition
Request (SAR) was made in January 1993 for the collection of 11 panchromatic SPOT scenes. Of 16 SPOT stem
acquired since the request, none have been acceptable for analysis over the study areas due to atmospheric conditions
and semn adjustments. Given the difficult atmospheric conditions and vegetation cover, attempts were made to ac-
quire ERS- 1, Seasat and Shuttle Imaging Radar data. but were unsuccessful. Digitally scanned data sets of declmssified
Russian MK--4 photography at 7.5 in resolution were identified in an archive in Moscow. but closer examination found
the data to be corrupt. Data from the KVA-1000 camera system for the Aftam Pains were not available and could
not be acquired within project time constraints. 1972-73 black and white infrared stereo photography of the study sites
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aU 1:40.000 scale was collected only after obtaining permission from the Ghana Survey Departmnt.L in addition to die

1.40,000 fromm 1:10.000 mzlsrgemuazmt of selected areas wore also acquired.

4.2 DATA PROCESSING AND INTERPRETATION

Mhe ease and functionality of UPS have allowed the opportunity to mix dama from differen coordinate systems
and datums within a GIS. While coordinate an the thread that tie all darn together, many GISs have limited coordinate
systm and datum, transformation routnes. Thsis. it a citical that coordinates be transferred to the same coordinate
system and daumiefr insertion into any GIS. UIPS-deteirmined coordinates taken with respect to the WGS84 datumn
were converted into the "Accr datum" using the "Geographic Calculato." to minimi~ze database inaccuracies. Coordi-
nafte wene trandmed using the Molodeasky Method which shifted positions by up to 350 m. Bearing an distance
measurements were used to determine UIPS offset locations with the National Geodetic Survey (NOS) INVPWD pro-

Level 0 Landsat TM data were precision-corrected using a cubic convolution resampling method and
1:5,00 scale topographic maps. The Root Mean. Square (BIAS) error of fte georectification piroc ess Wasam~ pixel
or 30 mn. 7No adjacent Landsat scenes (Path/Row 193M05 and 1941055) were digitally mosaikewd using Bit Mapper
image procssin software. Various color compouites were generated to determine the best band combbnaions for
analysis of liniemsme fracture, traces and vegetation anomalies. The Landsat data contained bad scan. lines which.,
with the added attnuation contributed by smoke and dust in the atmosphere. prevented the effective use of TM bands
I and 2 in the construction of composites. Therefore, band combinations 453 and 743 in RGB were used to interpret
the imagery. Each color composite was edge-enhanced using a 3x3 edge sharpening filter. In addition wo geneating
edge-enhanced color composits. directonally filtered images were constructed using TM band 4 in a multi-suep pro-
cedure similar to that described by Moone and 'Waltz (198). Thie resultant directionally enhanced componet imae
represented fourr azimuth hearngs: East-West; North-South; Northwest-Southeast; Northeast-Soushwest. Principal
Component (PC) trasfomations were performed on bends 543. 743 and 745 to produce thre-band PC composites
in ROB. In addition. PCI ficm bands 743 and 543 were used as greyscale imags.

U geunera interpretation approach has been to digitize linear features on screen using the annotation tool
in ER Mapper. Interpolation and extrapolation of features have been avoided to produce a more -objective" lineamexis
map, for mibsequsis tectoni interpretation. Lineament interpretation can be carried out in different, ways depending
upon t image type availale ground iuthing requiredl. and aim of the interpretation Ifth aim of the interpretation
is to reproduce the, general fluctr trend of the area, the positional accuracy of fth lineaments is not as important
as the orientation and correct frequency in each interval. If. on the other hand, the position of the inferred fluctue zone
is to be used in comparisons with other spatial dafta such as boreholes, the positional accuracy is more imporetan Shu-
man (1991), determined that ineament frequency decreases as lineanent size increases, while a plot of average linea-
inent length agains imagery scale shows a positive polynomial relationship. The higher spectral resolution of TM
verues SPOT dam is more importaut for lineamen analysis, in aras of dwe vetation. Therefre, both spatial and
spectral image resolution ha a greas impact on image interpretation results.

lIn this studA a systeaticmappig effort was conducted to perfrm the lineament and fracturetroce analysis
based on techniques adapted from Whteeler and Wis (1983).7Thi effort had several objectives: 1) consistently identify
lniniment and Frac Ptureace features; 2) classify the liniaments based on a rating system related to vector length,
orienttion, and feature promninence; and 3) eliminate non-structural and "false lineaments. The interpretations were

peformed;wih no prior knowlede of wet or dry well locations.

7UThe Tenoae Landinat scen was mubsectioned into overlapping 1: 100,000 scale images on she worksttation
scemen. The study -m were covered using 50 percent overlapping windows to avoid overlooking features at window

A_
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edges (Oustafison. 1993•b and 1994). The strategy employed evaluated three sees of image dam- color composites,
directionally filtered imae and principal component composites. Three ope:ors independently mapped all linu-
ments. Individual inetn results were digitally combined using different colored vectors to evaluate napping
results, compare class types, and eliminate "false" lineaments. 11m Nkawkaw area interpretation was carried out at
a larger scale than in the Tern aream due to the high demity of lineamens adjacent to the Voltaian escarpzen. The
interpretation scale an scrm was appeoximately 1:45,000. enabling moe accurate positioning of linear features.

4,2.A Photo IntMMafm

The aerial photography was interpred stereoscopically on 1:40.000 scale prints with 2x and lIx maSnifica-
don to enable better positioning of small or narrow linear features. The aerial photos were analyzed by several inser-
preter, focusing on photo linears within a 2-kin radius of existing wells and villages. This constraint was implemeaed
because 2 km was the maximum distance a well would be placed from a village by WVI. The interpretaton wer
perforned using acetate overlays mad the identified photo linesm were classified into three categories accrding to
their prominence. Upon completion of the independent analyses, the mapping results were compared. "false" fracture
traces were eliminated, and features checked for redundancy.

4.3 DATABASE DEVELOPMENT

The GIS database continues to be developed using Arc/INlf software. To dae, base map, well location to-
pogranpic, field observato and satellite renote sensing dart have been fully automated and integrated into ft CIS
(Figure 2). GIS display and geor•lational capabilities allow for efficient analysis of both raster and vector dao types.
All integrated data will be managed within a coherent spatial reference frame for development of strategies to identify
data types and analysis techniques most useful for siting well locations.

4.3. BIUMWm

The project study =a were subdivided for reference into a series of 15-minute quadrangles. Comr tim of
these quadrangles serve as registration control points for all base map automation. The GIS uses a Umn, asal Tram-
verse Mercator (UTM) coordinate system and is based on the 1:50,000 scale topographic map series produced by the
Ghana Survey Department

The 1:50,000 map series provides essential base map data, incuding surface hydrography, transportation fee-
tures. and village locations. Surface hydrographic features are valuable for understanding groundwater flow, while
village locations and transportation features are important from a well-siting perspective. The source maps were avail-
able oan paper media only, thus map registration error were corrected to account for map shrinkage. Data layers in
the GIS were appropriately coded with as many descriptive attributes as could be derived from the base maps. Drainage
featmr wre coded a perennial or ephmneral tranportation features were coded to reflect level of use and semeal
reliability; and commities wene coded to capture variaions in spelling.

4.3.2 We Locations

Understanding the spatial distribution of existing wells is clearly an important first step in developing a wll-
siting strategy; a pteliminar saeening of productive versus 'dry' wells can provide a valuable initial assessment of
groundwater conditions. Furhermor accurate locational (and elevation) data for these wells are critical for maximiz-
ing use of borehole information collected during drilling. Prio to the GPS survey, a preliminary well location damn
layer was developed, using the spatial tools of the GIS to place the wells within the village to which they were rfer-
enced. The preliminary well location data layer gave project hydrologista a provisional set of data from which to devel-
op early working hypotheses. Upon completion of the OPS survey, all borehole positions in the GIS were updated to
reflect their new positions.

Hydrogeologic data in the form of drafted borehole logs are generated as pan of WVIs ongoing water well
drilling program. Borehole logs include hydrogeologic and lithologic descriptions of rock units encountered during
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drilling, well construction information describing casing and scre en intervals, and development history of the well.
in addition. the lop contained water chemistry and well yield information, vital to the chiaracterization of groundwater
flow in the study areas. Data entry templates were created for efficient entry of large quantities of well log infornatimn
In all, 14 separate well log data filies were created, each containing from eight to 40 descriptive attibutes. To expedift
this process for' fummr borebolms WV! has bee~n proivided with logging software, so that subsequent well lop can be
created and transferred digitally. In the 015, all well log files ame linked relationully to the well location attrbute table.
so that any combination of well consuuocton, Lithologic. geochemical, or hydrogeologic characteristics. from any
number of wells, can be viewed in spatial contex with one another.

Topographic data are a vital in determining water table elevations and, subsequently, developing pounio-
metric maps. As no digital topographic data of sufficient resolution were available. paper copies obtained in Ghana
were scanned to produce a Digital Elevationz Model (DEM) and contour plot files. These data will allow three-dimain-
sional viewing, watershed calcuilations, and tectoni interpretation, and permit refinement of well elevations and po-
tenniometric maps.

4-3.113~

The lineament and fracture traces Identified in the digital analysis of L.andsat TM data were automasd and
incorporated into the OIS. Thie Landsat-dwived lineaments and fracture traces were imported as vectors fim ER
Mlapper. As a data layer in the 015, these features were classified based on length and orientation and msessed for duair
proximity to extisting wells. The fracture tiaces derived from stereoscopic analysis of 1:40,000 scale black-and-whift
aerial photography will be digitized after being transferred to rectified 1:40,000 scale photomosaics. Once inseguuted
into the. GIS. spatial analyses will be conducted, messsing fracture trace properties relative to existinig wells and their
hydrogeologic characeristics.

5.0 RESULTS AND DISCUSSION

5.1 DATA COLLECMiON

Initial literature searchbes and an early tr- ip to Ghana provided the means to collect most exist-
ing data over the study area. Project emphasis an fracure trace analysis. coupled with previous studies having diown
the relatively narrow nature of fracture zones (Parizek et al.. 1990), required the collection of momr accurate well posi-
tions. The resulting OPS fheld effoct surveyed over 200 boreholes in 82 different communities. Numerous other field
observations were simultaneously collected in addition to water samples from 50 sites. Gross chemistry and isotopic
analysis is underway, while all other data have been entered into the 015.

5.2 REMOTE SENSING DATA

Image analysis tesults of the Landsat data indicated that the most useful band combination for discriminating
lineatments in the Team area was the PC composite from TM bands 543. While the 453 and 473 color composites pro.-
vided some utility, the PC composite better disriminsnted soil brightness and vegetation 0ifferusces, with reduced
noise levels. Thie directionally filtered images contained too many image artifacts to be of use in this study. This was
due in paz to the bending effects in the Landiat imagery as well as, the relatively fiat terrain and uniform landcve
of the study ares. Most of the lineamnenta are related to structurally contrldW drainages in valley bottoms. Amalysis
of die predominant lineamrent orientation indicated a maxima between 270-275*. with a less dominant orientaton
found between 330-335* (Frigure 3). A total of 900 lineamemt were identified in the Tease area. The linearime nxt luh
varied between 84 and 5938 mn with a mean length of 1377 mn. The orientations are consistent with regional strucaciral
processes and fractures observed in the field. The dry season acquisition dates of the Landsat imagery permitted the
effective use of riparia and tap root vegetation species as indicators of fracture. systems. In some cases. riparian ape-
des in drainage basinis helped accentuate lIneainents.

The most useful ILAndsat bend combinations for lineament interpretations in the Nkawkaw ares were die PC
composite from TM bands 543 and PCI fr-om bands 743 in greyscale. The interpretation resulted in 1037 lineamients
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identified in die Nkawkaw area. with the majority of lineamuenta found in a 10-km-wide section along the northweu-
3outbe5It-V00diflg escrment. The lineamnent lengths vanied frwn around 100 to to 10 km with an average around
1200 m. Mae predominan lineament orientations indicate maximas at 3250,3150 and 3050. with less dominant oinra-.
tioxa found between 290-300 (Figure 4).

AlthOug photeuupik contrast is poor (due primarily to attmospheric haze). preliminary results of air photo
inUMIpM0aao indicate that, the larger scale anod stereoscopic characteristic allow the discrimination of fracture traces
not diacernible on the satellite imagery. Subtle fracture traces linked to chainges in tree heights and soil tonal align-
mens were identified. In several canes. fracture trace intrsections were found near villages. providing new potential
targets for future drilling progrms. Once integrated into the GIS model, spatial analysis operations can be conducted
to determine relatouships between photo-erived fracture traces and other features, in the database.

5.3 GIS MODELING RESULTS

While (US umodling efforts are only preliminary, initial proximity analysis of fracture traces and lineanuents
derived fran Landast 'IM imagery and borehole locations indicate pronrisig results. Almost 95 percent of all wells
surveyed in the Teaae ame are located within 2kim of identiid frature traces and lineaments. This suggests the avail-
ability of potential targets within the present project drilling constraints. Of greater significance. 100 percent of all
wells within 100 m of identified fracture traces and lineament am wet, with a decrease; in wet well percentage as the
distance fran a fracure inr~eame (Figure 5). Furthermore, lesa than seven percent of wells within 250 m were diry.
The initial results aubm that 30-mn Landat TM damta y be an effebctv tool for siting wells. These fmtlings also
support previous observations (Bamrmann, 1988) that fracture zones in the area act as primary pathways for storage
and nmoement of groundw- -z. Further analysis of fracture orientation and length, proximity to well lIncation, fracwre
weil yield relationships. ama lithology will be conducted in hopes of determining other factors critical for improving
drilling success rates and well yield.

Cunrulative Number of Wells,

100- 5 if' 18 24 29 32 41 66 88 122 139 144

60--

20--

0-- - - -

<25 <50 <100 <150 <200 <250 <500 <750 <1000 <1500 <2000 <3000

Distance in Meters

Figure 5. Distribution of Wet and Dry Wells vs. Distance from Nearest Lineament or Fracture Trace.
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6.0 SUMMARY AND CONCLUSIONS

Prefiminary results indicate that satellite imagery, when integrated with other hydrogeologic data, may be
a valuable tool in OIS-baed determination of potential wel targets. The synoptic view provided by satellite imagery
allowed a better understading of the regional hydrogeologic settings in this project. The full potential of remotely
sensed data, however. has not been realized due to the limited availability of other types of imagery over the study
areas. The lack of SPOT data and Russian satellite-based imagery, as well as the absence of radar coverage, has inhib-
ited the application of additional remote sensing techniques for the evaluation of hydrogeologic features in the study
area. Efforts to acquire image data, specifically SPOT pandhromatic scenes, shall continue through the end of the 1994
dry seaon in hopes of improving the hydrogeologic GIS model. The stereoscopic, high resolution aerial photographs,
though poor in quality, allowed the identification of subtle fracture traces not discemable on the Landsat data. If similar
relationships are found between photo-deived liiears and borehole success, it may provide new drilling targets closer
to the communities in need.

GIS database development and data integration in a developing nation present a variety of unique challenges.
Uncertainty regarding the availability and format of numerous data resulted in many delays in database development
activities. Remote site data collection efforts require thorough logistical considerations, contingency plans, and spare
equipment, especially in areas environmentally hostile to modem dam collection instruments. It is critical that the GIS
operator be completely aware of the geo-referencing systems, datums, and elevation surfaces associated with the vari-
ous data types collected, so as not to mix incomptible coordinates.

Although the results of this paper and the project are preliminary, several significant relationships between
features derived from the Landsat TIM data and hydrogeologic characteristics of the Tease area were observed. Addi-
tional proximity analysia. integration and analysis of fractur traces derived from the aerial photography, and correla-
tion of well yields to lineament length, orientation and geology, will be conducted as the project progresses, the ulti-
mate goal being the selection of well sites with the highest probability of success in different geologic settings.
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